We propose a holey fiber design to achieve single-polarization single-mode (SPSM) guidance. The photonic crystal fiber (PCF) has a triangular-lattice with elliptical airholes in the microstructured cladding and circular airholes in the core. The SPSM guidance can be obtained by designing the PCF structure such that the fundamental space-filling mode (FSM) of the core region is positioned between the indices of the two nondegenerate orthogonally polarized FSMs of the microstructured cladding.
Introduction
A single-polarization single-mode (SPSM) fiber guides only one polarization mode and thus eliminates mode coupling between the two orthogonally polarized fundamental modes. This is an important feature for polarization-sensitive applications such as high-power fiber lasers, fiber-optic gyroscopes, current sensors, and superluminescent sources [1] . Compared with polarization-maintaining (PM) fibers that support two orthogonal polarization states, a SPSM fiber offers several advantages including a high extinction ratio, no polarization mode dispersion, and polarization-dependent loss issues. To achieve SPSM guidance, the fiber is designed with the effective index of the desired polarization above the effective index of the cladding, and the effective index of the undesired polarization is well below that of the cladding. SPSM fibers have been designed and used by conventional optical fibers with an elliptical core or a bow-tie structure or different polarizationdependent loss along the two orthogonal axes [2] [3] [4] [5] [6] . With the development of photonic crystal fibers (PCFs) that have periodic arrays of airholes running along the fiber axis, a remarkable design freedom on waveguiding properties is exploited such as broadband single-mode operation [7] , unusual dispersion properties [8] , and high birefringence [9, 10] . For PCFs with a triangular lattice of airholes, by breaking the sixfold symmetry [11] , e.g., having different airhole diameters along the two orthogonal axes, high birefringence is easily produced. Recently, it has been demonstrated that SPSM guidance can be achieved by use of hole-assisted fibers and highbirefringent PCFs [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . It has been numerically studied [21, 22] that the SPSM can be achieved by designing the FSM for a circular-hole holey structure to lie between the anisotropic FSM for the ellipticalhole core.
We report a novel triangular-lattice PCF-based structure to achieve SPSM operation and numerically study its waveguiding properties by using a full-vector plane-wave expansion (PWE) method and finite element method (FEM). The core region contains a circular-hole holey structure and the cladding region consists of an elliptical airhole triangular lattice structure. The FSM of the circular-hole core is designed between the anisotropic FSMs of the elliptical-hole cladding so that SPSM guidance is supported. We theoretically investigate the influence of the PCF structural parameters such as the geometry of the core and the cladding on the properties of SPSM operation. The single polarization regions and cutoff conditions for higher-order modes are discussed.
Design and Analysis
The schematic design of the PCF structure is depicted in Fig. 1 . The core consists of multiple defects of circular airholes surrounded by a triangular-latticed cladding with elliptical airholes. The structural parameters of the PCF are as follows. The lattice pitch is denoted as Λ, the circular airholes in the core region have a relative diameter of d c =Λ, and the elliptical airholes in the cladding regions have a relatively long axis length of d y =Λ and ellipticity of η ¼ d y =d x . The background medium is fused silica with refractive index n SiO 2 ¼ 1:45. It should be noted that in a typical index-guiding PCF in which the defect core is missing an airhole [7] , the guidance is found in the wavelength region where the core index, i.e., the silica refractive index, is higher than that of the FSM of the microstructured cladding. However, because of the sixfold symmetry of the structure, two polarizations of the fundamental mode, HE and HE y 11 , are degenerate and therefore the PCF is not truly single mode. Comparatively, the sixfold symmetry of the proposed PCF is broken by the elliptical airholes in the cladding that behave like an anisotropic medium. The two orthogonally polarized FSMs of the cladding become nondegenerate, and they provide the cutoff of guided modes in the infinite lattice. The FSM of the core region can be designed with suitable airhole geometry so that it is positioned between the two FSMs of the cladding, i.e., only one polarization can be guided in the core.
We use the full-vector PWE method to calculate the effective index of the FSMs of the microstructures. As shown in Fig The single-polarization region is defined by the area within the solid curve. Moreover, the SPSM operation is achieved by cutting off the higher-order mode, i.e., the next higher-order mode is HE x 21 , and its cutoff wavelength is represented by a dashed curve.
Next we examine the influence of ellipticity η on the SPSM operating properties. We use d c =Λ ¼ 0:63 and d y =Λ ¼ 0:9, and η varies from 1.9 to 2.1. It is observed from Figs. 3, 5, and 7 that the single polarization operating region expands when λ=Λ increases, which is due to higher birefringence of the elliptical hole at longer wavelengths [22] . We calculate the fundamental mode of the single-polarization state with PCF structural parameters: d y =Λ ¼ 0:63, η ¼ 2, and d y =Λ ¼ 0:9. The full-vector FEM is used to We used 18 rings of elliptical airholes around the core region with a perfectly matched layer absorbing boundary conditions to simulate the infinite microstructured cladding. Because of this finite thickness in the calculation, the fundamental guided mode is leaky. We estimated the confinement loss of the guided mode by using
Imðn eff Þ: Figure 10 presents the calculated confinement loss of the guided HE x 11 mode that increases drastically over a long wavelength range. We used Λ ¼ 1 μm for the calculation. The confinement loss is of the order of (dB/m), which is high compared with the transmission fiber. To improve the confinement, we increased the number of circular airholes in the core region, e.g., from the current structure to more rings of airholes. The effective reduction of confinement loss especially at long wavelengths can be seen in Fig. 10 . The minimum loss for the x-polarized fundamental mode is 3:9 dB=m for the PCF structure with one ring of circular airholes in the core region and approximately 0:48 dB=m for the PCF structure with two rings of airholes in the core region. For a fiber structure with two rings of airholes in the core region, we used 17 rings of elliptical airholes in the fiber cladding so that the whole microstructured structure is the same size. Moreover, the bandwidth for confinement loss less than 5 dB=m is significantly broadened with two rings of airholes, and the wavelength corresponding to the lowest loss value moves to longer wavelengths, i.e., from 1.35 to 1:6 μm. It should be noted that the proposed fiber structure can be fabricated by the stack-and-draw method or multicapillary drawing method [23] . In solid core PCFs, absorption and Rayleigh scattering in the bulk glass can be the main sources of loss. In the proposed structure where the airholes are introduced to the core region, the air-silica interface roughness also causes scattering loss. The surface roughness could result from the fiber drawing process.
The bending property of the holey fiber is investigated by the FEM in which the bent fiber is represented by a straight fiber with an equivalent index profile [24] . We evaluated the bending loss as a function of bending radius for the proposed PCF structure as shown in Fig. 11 . The solid curve represents the bending loss calculated for the PCF structure with one ring of circular airholes in the core region at λ ¼ 1:35 μm; the dotted curve represents the PCF structure with two rings of airholes in the core region at λ ¼ 1:6 μm. The wavelength values were chosen to represent where minimum confinement loss occurs for the structure. The bending loss decreases by approximately 1 order of magnitude at the same bending radius from a one-ring core to a two-ring core with better confinement. Figure 12 presents the bending loss of the fiber with a one-ring core and a two-ring core as a function of wavelength with the same bending radius of 5 mm. We also determined that the two-ring core PCF performs better than the one-ring core PCF in terms of the minimum bending loss value at the same bending radius and the wavelength range below a fixed bending loss.
Conclusions
We have proposed a novel PCF structure with elliptical airholes in the cladding and circular airholes in the core region to achieve single-polarization singlemode operation. The structural geometry can be carefully designed to guide only one polarization state of the fundamental mode. The effects of structural parameters on cutoff wavelength and singlepolarization operating range were discussed. The confinement loss can be reduced by the addition of more airholes to the core region. We also studied the bending properties of the PCF structure. The results proved that additional airholes in the core region could significantly suppress bending loss. Fig. 11 . Bending loss of the PCF structure with one ring of airholes in the core region at λ ¼ 1:35 μm (solid curve) and two rings of airholes in the core region at λ ¼ 1:6 μm (dotted curve) as a function of bending radius. Fig. 12 . Bending loss of the PCF structure with a bending radius of 5 μm. The loss curves represent one ring of airholes in the core region (solid curve), and two rings of airholes in the core region (dotted curve) as a function of wavelength.
